Flavonolignans occur typically in Silybum marianum (milk thistle) fruit extract, silymarin, which contains silybin, isosilybin, silychristin, silydianin, and their 2,3-dehydroderivatives, together with other minor flavonoids and a polymeric phenolic fraction. Biotransformation of individual silymarin components by human microbiota was studied ex vivo, using batch incubations inoculated by fecal slurry. Samples at selected time points were analyzed by ultrahigh-performance liquid chromatography equipped with mass spectrometry. The initial experiment using a concentration of 200 mg/L showed that flavonolignans are resistant to the metabolic action of intestinal microbiota. At the lower concentration of 10 mg/L, biotransformation of flavonolignans was much slower than that of taxifolin, which was completely degraded after 16 h. While silybin, isosilybin, and 2,3-dehydrosilybin underwent mostly demethylation, silychristin was predominantly reduced. Silydianin, 2,3-dehydrosilychristin and 2,3-dehydrosilydianin were reduced, as well, and decarbonylation and cysteine conjugation proceeded. No low-molecular-weight phenolic metabolites were detected for any of the compounds tested. Strong inter-individual differences in the biotransformation profile were observed among the four fecal-material donors. In conclusion, the flavonolignans, especially at higher (pharmacological) doses, are relatively resistant to biotransformation by gut microbiota, which, however, depends strongly on the individual structures of these isomeric compounds, but also on the stool donor.
Introduction
Flavonolignans are plant secondary metabolites belonging to the group of polyphenols formed by the coupling of a flavonoid with a phenylpropanoid (lignan); they occur typically in Silybum marianum (L.) Gaertn (milk thistle, Asteraceae) fruits (cypselae). The crude extract denoted as silymarin is used in a plethora of nutraceutical preparations and drugs, mainly for its hepatoprotective action [1] ;
Flavonolignans are plant secondary metabolites belonging to the group of polyphenols formed by the coupling of a flavonoid with a phenylpropanoid (lignan); they occur typically in Silybum marianum (L.) Gaertn (milk thistle, Asteraceae) fruits (cypselae). The crude extract denoted as silymarin is used in a plethora of nutraceutical preparations and drugs, mainly for its hepatoprotective action [1] ; nonetheless, it also exerts a number of other pharmacological activities, such as cardioprotective [2] , hypocholesterolemic [3] , and antidiabetic [4, 5] activities. Silymarin contains over ten structurally related flavonolignans, which are all biogenetic congeners [6] . Major constituents of silymarin are as follows: flavonolignans silybin A and B; isosilybin A and B; silychristin A; silydianin; the flavanol (+)-taxifolin [7] ; and ca 30% of a polyphenolic fraction. Minor silymarin flavonolignans include 2,3-dehydrosilybin [8, 9] , 2,3-dehydrosilychristin, and 2,3dehydrosilydianin [10] (Figure 1) . Silybin is the most studied compound of silymarin, since it is assumed to be its active substance. Studies have shown its great potential in the treatment of Alzheimer's disease [11] , as well as in cancer therapy [12] [13] [14] . Although manufacturers often claim their preparations to contain a "standardized" extract, the composition of silymarin and silymarincontaining food supplements and drugs differ profoundly, even batch to batch for the same preparation [6] . To exert their biological activity in a human or animal organism, the molecule of interest needs to be bioavailable. Polyphenols in general suffer from low bioavailability and excessive metabolism by mammalian enzymes mostly in intestinal and hepatic cells [15] . Even though little is known to date about the metabolic fate of flavonolignans, they were found to be metabolized by human liver enzymes [16] [17] [18] [19] . Silybin was shown to undergo both phase I oxidative metabolism and phase II conjugation in vitro. The methoxy group at silybin C-19 was O-demethylated by human cytochrome P450 (CYP) 2C8 [20] . Silybin may also be glucuronidated at C-7-OH and C-20-OH groups by human UDP-glucuronosyltransferases (UGTs) 1A and 2B [21, 22] , and sulfated metabolites have been identified in human plasma [16] . By the use of perfused rat liver, the formation of sulfated and glucuronidated conjugates of silychristin and silydianin was observed, as well [17] . In addition, our results from the study on human hepatocytes and microsomes indicates that the flavonolignans are primarily metabolized by phase II conjugation enzymes [18, 19] . To exert their biological activity in a human or animal organism, the molecule of interest needs to be bioavailable. Polyphenols in general suffer from low bioavailability and excessive metabolism by mammalian enzymes mostly in intestinal and hepatic cells [15] . Even though little is known to date about the metabolic fate of flavonolignans, they were found to be metabolized by human liver enzymes [16] [17] [18] [19] . Silybin was shown to undergo both phase I oxidative metabolism and phase II conjugation in vitro. The methoxy group at silybin C-19 was O-demethylated by human cytochrome P450 (CYP) 2C8 [20] . Silybin may also be glucuronidated at C-7-OH and C-20-OH groups by human UDP-glucuronosyltransferases (UGTs) 1A and 2B [21, 22] , and sulfated metabolites have been identified in human plasma [16] . By the use of perfused rat liver, the formation of sulfated and glucuronidated conjugates of silychristin and silydianin was observed, as well [17] . In addition, our results from the study on human hepatocytes and microsomes indicates that the flavonolignans are primarily metabolized by phase II conjugation enzymes [18, 19] .
However, a large proportion of (poly)phenolic compounds is known not to be resorbed in the upper part of the gastrointestinal tract; they are transported to the lower intestine and metabolized by gut microbiota [15, 23] . As far as we know, this aspect has been studied to a very limited extent with the flavonolignans. The only study available to date focused on the biotransformation of silymarin complex by an intestinal bacterial strain Eubacterium limosum with demethylation activity and described the formation of demethylated flavonolignan derivatives [24] . Although it is not focused on biotransformation, a recent mice study investigating silymarin and silybin as potential microbiota-based therapy of Alzheimer's disease suggests that their administration could alleviate memory impairment in pathological mice, which was accompanied by their regulative effect on the gut microbiota composition, specifically on an enrichment of the phyla Verrucomicrobia [25] . Just like with other polyphenols, this points to a two-way relationship between the microbiota and silymarin components; however, detailed information on the biotransformation of silymarin components by human gut microbiota is still missing. The aim of the present study was to investigate metabolic biotransformation of isolated silymarin flavonolignans by human fecal slurry from healthy donors [26] .
Results and Discussion

Pilot Study
Silybin, silychristin, silydianin, and 2,3-dehydrosilybin were treated under simulated gastric and subsequently small intestinal conditions, using a standardized static in vitro digestion method [27] , in order to evaluate the possible effects of pH alteration and the presence of ions or nonspecific pancreatic esterases. Nevertheless, no modifications, such as partial degradation, polymerization, or complexation, were observed during the oral and/or intestinal phase.
The digestate containing 200 mg/L of the respective flavonolignan was incubated under anaerobic conditions in a fecal-batch incubation model for up to 48 h. Such a high dose was used because silymarin is often consumed in food supplement capsules packed with up to 500 mg of extract. Considering that this amount reaches the caecum in a bolus and it is diluted with ca 200 mL of the cecal content [28] , it may reach the concentration of the extract up to 2.5 g/L. The dose used in this pilot experiment was one order of magnitude lower, to reflect the content of the individual components in silymarin (0.5%-30%), but it still exceeds the concentrations used by other studies [29] , and it is close to minimal inhibitory concentrations toward some microbial taxa [30] [31] [32] . Concentrations found in the incubation medium after the pre-analytical stage, including precipitation of proteins with acetonitrile and centrifugation, were much lower and different for the individual compounds (Table 1) , potentially due to sequestration to macromolecules or solubility issues. This is in agreement with previously published data on the binding of polyphenols, including silybin to macromolecules or cell membranes [33] [34] [35] [36] . The data also revealed that, at the dose used, the concentration of both silybin and 2,3-dehydrosilybin in the medium remained unchanged during the experiment. On the other hand, silychristin and silydianin were intensively metabolized, and after 48 h, their concentration dropped to 13% and 21% of their initial value, respectively (Table 1 and Figure 2 ). The spectrum of the metabolites found was quite broad, and as standards were not available for all of them, the results are presented as the area under the curve (AUC) of the respective peak in LC/MS chromatograms ( Figure 2 ). The analysis was primarily focused on the metabolites produced by usual metabolic pathways and having molecular masses close to that of the parent compounds, using a commercial software (Metabolynx V4.1 software, Waters), as well as detailed manual study based on UV chromatograms obtained from a PDA detector. We found intensive adducts of silychristin and silydianin with m/z increment corresponding to the group/exact mass of C 3 H 6 O; in the case of 2,3-dehydrosilybin, the addition of C 3 H 4 O was found as a minor biotransformation product. Both the parent compounds and adducts were further desaturated, acetylated, demethylated and/or reduced. However, the (estimated) amount of these metabolites did not correspond to the decrease in the concentration of the parent compounds, indicating alternative pathways. Therefore, we looked at potential lower molecular degradation products similar to those described for various flavonoids, such as quercetin, kaempferol, luteolin, or catechin [37] [38] [39] [40] . Indeed, two low-molecular products with m/z 151 and 167 were identified as a result of silychristin and silydianin biotransformation ( Figure 2 ). However, these products corresponded to C 4 H 8 O 6 and C 4 H 8 O 7 , respectively, instead of the expected simple phenolics, such as hydroxyphenylacetic and dihydroxyphenylacetic acids. Their structures could not be inferred from available data.
Fecal Fermentation of Silymarin Flavonolignans Ex Vivo
Based on the results of the pilot study, and in line with recently published findings [41] , the pre-incubation was skipped for the following study using fecal samples from four healthy individuals. The medium used here was a standard medium employed previously in similar fermentation studies [26] . A complex panel of silymarin constituents, i.e., taxifolin, silybin, isosilybin, silychristin, silydianin, 2,3-dehydrosilybin, 2,3-dehydrosilychristin, and 2,3-dehydrosilydianin, was subjected to biotransformation at a lower final concentration of 10 mg/L, which corresponds rather to the typical dietary intake of these phenolics [41] .
In this setup, we first tested the stability of all compounds, which were incubated in the medium without the fecal slurry under the same (anaerobic) conditions. While silybin, isosilybin, and silychristin remained stable during 24 h of incubation, a slight decrease after 24 h was observed for taxifolin (14%). On the other hand, substantial degradation occurred with 2,3-dehydrosilybin (71%), silydianin (64%), and especially 2,3-dehydrosilychristin and 2,3-dehydrosilydianin, which completely disappeared from the incubation mixture. Moreover, significant degradation of silydianin, 2,3-dehydrosilydianin, and partially also of 2,3-dehydrosilychristin and taxifolin was noted also at t = 0 h ( Figure A1 ). This may be due to inherent instability of the compounds during the pre-analytical stage of the sample preparation. The purity of the compounds in solid state was retested after the experiment, and it was identical to the values obtained prior to the experiment (see Section 3.1).
The fermentation of the compounds at such low concentrations and in absence of glucose brought about significant differences compared to the pilot study, as no adducts with C 3 H 6 O or C 3 H 4 O were formed. Moreover, focusing on the unidentified metabolites C 4 H 8 O 6 and C 4 H 8 O 7 , although they were detected in the fermentation media of all samples, we observed that their content was relatively high in the beginning of the fermentation and decreased over time (data not shown). Therefore, we conclude that these compounds were probably not metabolites of the flavonolignans.
Further, the results ( Figure 3 ) show an important difference in the metabolic fate of flavanonols represented by taxifolin compared with flavonolignans. Taxifolin was substantially (99.5%) degraded already after 8 h of incubation, while the metabolism of flavonolignans was much slower. Major taxifolin metabolites detected involved its reduced (loss of O), methylated, and 2× loss of O products (Table A1) , which all disappeared after 8 h of incubation, as well. No phenolic compounds of lower molecular weight were detected. The degradation products might have been catabolized by the bacteria, sequestered on the matrix or adsorbed on cell walls. Silybin was found to be primarily demethylated (probably at C-19), both diastereomers to the same extent and at the same rate. The final amount of silybin A and B was 2% and 1.5% of the initial concentration, respectively. The biotransformation pattern of isosilybin was similar to that of silybin, with the exception that the diastereomers of the parent compound were not always sufficiently separated by using the method used. Less than 1% of the initial amount of the parent compound was present in the medium after 24 h of incubation. Two demethylation products with very similar retention times (RT) of 6.44 and 6.54 min, probably those of the two diastereomers, both at C-19 (Table A1 ), were formed as major metabolites.
In the case of silychristin, in line with the pilot study, the biotransformation was faster with less than 3% of the parent compound at 16 h already. Here, the major metabolite was not a demethylation product, but a reduced derivative eluting at 5.30 min different from 2,3-dehydrosilychristin. In the case of silydianin, the analysis of the data was complicated due to the compound decomposition, which occurred probably during sample manipulation. The content of the parent compound in the medium was only 9% of all silydianin derivatives at time t = 0 h, and it further decreased during incubation. The major, mostly spontaneously formed product was its decarbonylated derivative, which accounted for 68% at t = 0 h and was further degraded. A hydrogenated derivative, presumably identical to that one produced previously by human hepatocytes [18] , was the only metabolite whose concentration gradually increased during incubation and reached 19% at t = 24 h. Moreover, another derivative corresponding to a cysteine conjugation product was detected for the first time whose content gradually increased up to 35% after 24 h.
The biotransformation pattern of 2,3-dehydrosilybin was very similar to that of silybin, where the major metabolite was a demethylated derivative (individual enantiomers were not separated). Besides 2,3-dehydrosilybin, minor amounts of another dehydroflavonolignan were present at t = 0 h (3.6%, RT 9.81 min, Table A1 ), which was degraded during fermentation. In the case of 2,3-dehydrosilychristin, no clear metabolite was found, as all compounds were present already at t = 0 h and disappeared gradually. The most complex mixture of products was found for 2,3-dehydrosilydianin. Besides the parent compound, various cysteine conjugation (8.2 and 9.1 min), decarbonylation (7.1 and 9.2 min), demethylation, reduction + demethylation, and reduction + cysteine conjugation products (Table A1) were found. However, all these were formed also during the stability test, and the AUC of all these compounds was only 4% of that found for silybin or isosilybin. The results for 2,3-dehydrosilydianin are therefore inconclusive.
Inter-Individual Variability
Although the volunteers providing stool samples for this study were quite homogenous in age and BMI, the ability of their gut microbiota to metabolize the flavonolignans differed substantially, resulting in high standard errors of mean (SEM, Figure 3 ) and large inter-individual variability ( Figure A2 ). Not only the degradation rate differed, but some metabolites were observed only in some volunteers. For instance, isosilybin was decarbonylated only with fecal slurry from donor D4, silychristin was desaturated + demethylated and eventually sulfated in the case of donor D3, and an additional reduction product eluting at 4.8 min was found for donor D4. For 2,3-dehydrosilybin additional reduction and reduction + demethylation products were observed for donors D3 and D4 ( Figure A2 ). This is in accordance with the previous studies using other natural compounds, such as stilbenoids [42] .
Materials and Methods
Flavonolignans and Other Chemicals
Natural silybin (containing 55% of silybin A, 44% of silybin B, 0.6% of isosilybin A, and 0.4% of isosilybin B) was isolated from silymarin by its quick suspending in methanol and filtration yielding undissolved silybin. Isosilybin containing 22.7% of isosilybin A, 72.7% of isosilybin B, 1.2% of silybin A, and 1.7% of silybin B was isolated by using enzymatic kinetic resolution of silymarin mixture [43] .
Silychristin (containing 83.4% of silychristin A, 10.2% of silychristin B, 3.1% of taxifolin, 1.1% of isosilychristin, and 1.4% of 2,3-dehydrosilychristin) and silydianin (98.8% containing 1.2% of silychristin for the pilot study, 100% for the main experiment) were isolated from silymarin, using Sephadex LH-20 chromatography [7] . Then, 2,3-Dehydrosilybin (37% of 2,3-dehydrosilybin A, 62% of 2,3-dehydrosilybin B), 2,3-dehydrosilychristin (96.6%, containing 3.4% of silychristin), and 2,3-dehydrosilydianin (84%) were prepared as described previously [10] . Taxifolin (95.5% containing 4.5% of quercetin) was purchased from Amagro (Prague, Czech Republic).
The purity of the flavonolignans and taxifolin was measured by using the HPLC gradient method [44] Stock solutions for the fermentation experiments (Section 3.4) were prepared at a concentration of 10 mg/mL in DMSO (dimethylsulfoxide; Sigma-Aldrich, Prague, Czech Republic) and kept at 4 • C. Analytical standard stock solutions for LC/MS were prepared in methanol (1 mg/mL) and stored at −80 • C. Other chemicals were obtained from Merck (Darmstadt, Germany).
Fecal Samples and Ethics Statement
The study was performed in accordance with the Declaration of Helsinki, and the protocol was approved by the Ethics Committee of the Czech University of Life Sciences in Prague, Czech Republic (ZEK/22/09/2017). All subjects gave their informed consent for inclusion in the study. Human fecal samples were collected at the Czech University of Life Sciences, from a total of 1 healthy male volunteer donor for the pilot study and 4 healthy male volunteer donors for the fecal fermentation. Donors ranged from 26 to 41 years, their BMI was within the normal range (18.5-24.9), and they had no history of gastrointestinal disease and no antibiotic treatment for at least 3 months prior to the experiment. The donors followed an omnivorous diet in their daily life. Feces were collected into 1 L plastic containers, tied in plastic bags with GENbag anaer (Biomérieux, Lyon, France), kept at 37 • C for 2 h maximum, and then homogenized for 30 s with a sodium phosphate buffer (1/15 M, pH 7, previously boiled with cotton cups and cooled to approximately 37 • C, while purged with N 2 free of oxygen) in a stomacher bag. The obtained 32% fecal slurry was filtrated through nylon mesh.
Pilot Study
Silymarin flavonolignans silybin, silychristin, silydianin, and 2,3-dehydrosilybin (20 mg) were mixed with 5 mL of the gastric phase solution, i.e., a mixture of 1.25 mL of simulated gastric fluid (SGF, containing 6.9 mM KCl, 0.9 mM KH 2 PO 4 , 25 mM NaHCO 3 , 47.2 mM NaCl, 0.1 mM MgCl 2 , and 0.5 mM (NH 4 ) 2 CO 3 ), 1.25 mL of pepsin solution (0.0008 g/1.25 mL), and 2.5 mL of 0.15 mM CaCl 2 ; pH 3. Gastric phase was simulated via 2 h of shaking (200 rpm) in 50 mL Falcon tubes at 37 • C. Then the resulting mixture was stirred with a total 5 mL of the ileal phase, i.e., a mixture of 0.83 mL of simulated ileal fluid (SIF, containing 6.8 mM KCl, 0.8 mM KH 2 PO 4 , 85 mM NaHCO 3 , 38.4 mM NaCl, and 0.33 mM MgCl 2 ), pancreatin solution (0.0008 g/0.83 mL), bile solution (0.0067 g/0.83 mL), and 2.5 mL of 0.6 mM CaCl 2 ·H 2 O. The pH of the final mixture was set to 7, and the ileal phase was simulated via 2 h shaking (200 rpm) in 50 mL Falcon tubes at 37 • C. Aliquots (1 mL) after the ileal digestion phase of were mixed in 10 mL vials with 9 mL of sterile brain heart infusion (BHI, 37 g/L) medium with hemin (5 mg/L) and yeast extract (5 g/L), pH 7.4, previously reduced by bubbling with CO 2 and kept in anaerobic conditions (5% CO 2 , 10% H 2 , and 85% N 2 ) for 48 h prior the experiment, inoculated with the donor stool (1%), and cultured for 48 h in duplicates in a shaking water bath at 37 • C. Samples containing a final concentration of 0.2 mg/mL of the respective flavonolignan or buffer as the negative control were taken at 0, 6, 12, 24, and 48 h, frozen, and kept at −80 • C prior to processing.
Fecal Fermentation of Silymarin Flavonolignans Ex Vivo
The fermentations were carried out by using 96-well plastic plates (2.2 mL) and fecal slurries from four different healthy volunteers. The fermentation medium was prepared as previously described [26] by mixing 225 mL of distilled water, 1.12 g of tryptone, 56.25 µL of micromineral solution (0.9 mM 
Sample Preparation
Samples stored at −80 • C were thawed and mixed with acetonitrile (cooled at −20 • C) for 1 h, at −20 • C, to precipitate the proteins. After centrifugation (12,000× g, 5 min), the sediment was washed with cooled acetonitrile and centrifuged again, and the supernatants were combined for HPLC/MS analysis. Before the analysis, the samples were stored at −80 • C.
Analysis of the Metabolites
Ultrahigh-performance liquid chromatography with mass spectrometry (UHPLC-MS) was performed using Waters ACQUITY I-Class UPLC system (Waters, Milford, MA, USA) consisting of a binary solvent manager, sample manager, column manager and PDA detector. The chromatographic separation was achieved on Kinetex Biphenyl analytical column (100 mm × 2.1 mm i.d., 1.7 µm; Phenomenex, Torrance, CA, USA). The injection volume was 2 µL. Solvent A was composed of 5 mM ammonium acetate, pH 3, and solvent B was methanol. The linear gradient profile was as follows: 0-8 min 30%-60% B, 8-13 min 60%-90% B, 13-14 min 90% B, and 14-15 min 90%-30% B. The mobile phase flow rate was 0.35 mL/min, the temperature of the autosampler was maintained at 4 • C and the column oven was set to 40 • C.
A Waters Synapt G2-S Mass Spectrometer (Waters, Manchester, UK) was connected to the UPLC system via an electrospray ionization (ESI) interface. The ESI source operated in negative mode with the capillary voltage at 2.25 kV and the sampling cone at 35 V. The source temperature and the desolvation temperature were set at 120 and 300 • C, respectively. The cone and desolvation gas flows were 25 and 600 L/h, respectively. Data were acquired from 100 to 1200 Da, with a 0.2 s scan time. The mass spectrometer was calibrated across the mass range 100-1200 Da, using a solution of sodium formate in acetonitrile. Data were automatically centroided and mass corrected during acquisition, using a leucine-enkephalin external reference (20 µg/L in a mixture of water/acetonitrile/formic acid (100:100:0.2), flow rate of 10 µL/min). Data acquisition was accomplished by using two interleaved scan functions (MS E experiments), which enabled simultaneous acquisition of both low-collision-energy (CE) and high-collision-energy mass spectra from a single experiment. The low trap CE was set to 4 V, and the low transfer CE was set to 2 V for Function 1. For Function 2 (high CE), the trap CE was set to 4 V, and the transfer lenses were ramped CE in the range of 15-30 V. Post-acquisition processing of the data was performed by using the Metabolynx V4.1 software (Waters). Typical chromatograms are given in Figure A3 .
Conclusions
To the best of our knowledge, this is the first study evaluating the biotransformation of individual silymarin constituents by human fecal microbiota, with detailed characterization of individual studied flavonolignans purity and diastereomeric/enantiomeric ratio. Our results show that, in contrast to simple flavonoids such as flavan-3-ols, flavonols, flavones, and flavanones or phenolic acids [26, 38, 39, [45] [46] [47] [48] [49] , the flavonolignans, especially at higher doses, achievable using silymarin containing food supplements and drugs, are fairly resistant to the metabolic action of intestinal microbiota. The metabolic profiles, however, not only strongly depend on the individual structures of these isomeric compounds, but also on the strong inter-individual differences in microbial composition. Based on this fact, our further investigation will be carried out with a larger group of individual volunteers. 
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